Silk proteins are a promising material for drug delivery due to their aqueous processability, biocompatibility, and biodegradability. A simple aqueous preparation method for silk fibroin particles with controllable size, secondary structure and zeta potential is reported. The particles were produced by salting out a silk fibroin solution with potassium phosphate. The effect of ionic strength and pH of potassium phosphate solution on the yield and morphology of the particles was determined. Secondary structure and zeta potential of the silk particles could be controlled by pH. Particles produced by salting out with 1.25 M potassium phosphate pH 6 showed a dominating silk II (crystalline) structure whereas particles produced at pH 9 were mainly composed of silk I (less crystalline). The results show that silk I rich particles possess chemical and physical stability and secondary structure which remained unchanged during post treatments even upon exposure to 100% ethanol or methanol. A model is presented to explain the process of particle formation based on intraand intermolecular interactions of the silk domains, influenced by pH and kosmotrope salts. The reported silk fibroin particles can be loaded with small molecule model drugs, such as alcian blue, rhodamine B, and crystal violet, by simple absorption based on electrostatic interactions. In vitro release of these compounds from the silk particles depends on charge -charge interactions between the compounds and the silk. With crystal violet we demonstrated that the release kinetics are dependent on the secondary structure of the particles.
Introduction
Several applications in pharmaceutical and medical technology are based on dispersions of particles in a fluid or gel phase. Examples include specialty coatings, sustained-release and drug-delivery systems [1] [2] [3] [4] . Suitable particles for such applications need to be biocompatible with the ability to control size, morphology and rate of biodegradation, as well as drug loading and release [5] . The production of suitable particles remains challenging since appropriate materials and processing must be considered, including avoiding organic solvents, surfactants, initiators or cross-linking agents [6] [7] [8] . Various synthetic (aliphatic polyesters, polyanhydrides, aliphatic polycarbonates) and biopolymers (proteins, polysaccharides, polynucleotides) have been investigated to produce particulate carriers for sustained release [2, 4, [9] [10] [11] [12] [13] . Natural polymers are often preferred since they can be processed under ambient mild, aqueous conditions. Silk proteins are particularly promising for these needs due to their unique combination of biocompatibility, biodegradability, self-assembly, mechanical stability, controllable structure and morphology [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] .
In principle two main concepts are utilized to produce small particles: template assisted techniques or phase separation. In the first case usually emulsion droplets are used to define shape and size [25] [26] [27] [28] . This enables control but the preparation techniques have the disadvantage of being relatively complicated, and typically emulsion stabilizers and/or crosslinkers are involved [6, [29] [30] [31] . In contrast, the bottom up approach through dissolving or solvent shifting by addition of salts or miscible non-solvents is relatively simple and avoids the additions required in templating approaches [32] [33] [34] [35] [36] [37] [38] [39] . Spider silk proteins form microparticles upon salting out with potassium phosphate [40] [41] [42] [43] [44] , whereas for silk fibroin this technique has so far not been investigated in a systematic manner.
We report the assembly process of silk fibroin particles produced in an all-aqueous salting out process. The influence of processing parameters, ionic strength, pH and protein concentration, on yield of particle formation, size, secondary structure and zeta potential is reported. In agreement with previous publications, a model was developed to explain the observed assembly behavior and particle characteristics. Additionally we showed that small molecule model drugs are suitable for controlled sustained release from the silk particles. These investigations include loading, loading efficiencies and release kinetics in relation to molecular charge and size of the particle. Further, the manipulation of release behavior by controlling the secondary structure of silk fibroin particles was demonstrated.
Materials and methods

Materials
Model drugs rhodamine B (479 Da), crystal violet (408 Da), alciane blue (1299 Da) as well as mono-and dibasic potassium phosphate and all other chemicals used in the study were purchased from Sigma-Aldrich (St. Louis, MO). Ultrapure water from the Milli-Q system (Millipore, Billerica, MA) was used.
Silk purification
Silk fibroin aqueous stock solutions were prepared as previously described [45] . Briefly, cocoons of Bombyx mori were boiled for 30 min in an aqueous solution of 0.02 M sodium carbonate, and then rinsed thoroughly with distilled water. After air drying, the extracted silk fibroin was dissolved in 9.3 M LiBr solution at 60°C for 4 h, yielding a 20% (w/v) solution. The solution was dialyzed against distilled water using Slide-a-Lyzer dialysis cassettes (MWCO 3,500, Pierce) for 3 days to remove the salt. The solution was centrifuged 2 times at 10,000 rpm for 20 min to remove silk aggregates as well as debris from original cocoons. The final concentration of silk fibroin aqueous solution was approximately 8% (w/v), based on weighing the residual solid of a known volume of solution after drying at 60°C. The 8% sil k stock solution was stored at 4°C and diluted with ultrapure water before use.
Preparation of silk particles
Silk fibroin particles were prepared by inducing a phase separation from an aqueous protein solution by addition of potassium phosphate. Briefly, the silk solution was mixed with potassium phosphate in volumetric ratios of 1:5 using a pipette. The influence of process parameters (ionic strength, pH and protein concentration) on particle formation were studied systematically. The resulting particles were stored in the refrigerator for 2 h before centrifugation at 2,000 g for 15 min. Subsequently, particles were re-dispersed in purified water and washed three times. For experiments related to drug delivery a stock dispersion of protein particle concentration (10 mg/ml) was used. Particle concentrations (particles in mg/ml) were determined gravimetrically. Particles were produced by salting out a silk fibroin solution (c=5 mg/ml) with potassium phosphate (1.25 M, pH 8).
Post treatment of silk particles
In order to investigate the influence of different post treatments on the secondary structure of silk fibroin particles, FTIR spectra were collected after the various treatments. Particles were incubated in 5, 10, 20, 40, 70 and 100% ethanol or methanol for 24h. Changes in secondary structure were investigated upon sonication of a particle dispersion in a 2 ml Eppendorf tube by using a Branson ultrasonic cell disruptor with an energy output of 20% maximum amplitude for increasing exposure times (5, 10, 20, 30, 40, 60 s).
Chemical stability of silk particles
Silk particles were exposed to aqueous solutions of 4, 6, and 8 M urea, 2, 4 and 6 M guanidinium hydrochloride (GdmCl) and 6 M guanidinium thiocyanate (GdmSCN). After particle incubation for three days at room temperature, all samples were assessed by phase contrast microscopy and compared to the control sample (incubation in water). If no difference regarding the presence and integrity of the particles was detected, the particles were regarded chemically stable.
Loading silk particles
Drug loading of the silk particles was conducted as follows: 100 μl of a silk particle suspension containing 2.4 nmol of silk protein was mixed with 900 μl of a model drug solution containing different molar ratios (silk fibroin (SF):model drug (MD) = 5, 10, 20, 30, 40, 60, 100). After 10 min of incubation at room temperature samples were centrifuged for 15 min at 2,000g, and the supernatant was analyzed for residual drug concentration using UV-Vis spectrometry. Standard calibration curves for model drugs were used for drug quantification. A control group of samples containing 100 μl water mixed with 1.0 ml of model drug solution was prepared for each experiment. Drug concentrations of control and sample supernatants were used to calculate the amount of drug incorporated in the silk particles. All experiments were performed in triplicate. Encapsulation efficiency and loading were determined using equation (1) and (2), respectively:
Release of drugs from silk particles
Drug loaded silk particles were washed with distilled water and suspended in 1 ml PBS (pH 7.4) before incubation at 37°C with constan t shaking. Each vial contained 2 mg of drug loaded particles comprising 4.8 nmol silk protein. The solvent was periodically removed from each sample and replaced with fresh PBS (pH 7.4). The drug content in the medium was analyzed using UV-Vis-spectrometry. The percentage of cumulative model drug release (% w/w) was investigated as a function of incubation time. Each experiment was performed in triplicate. To study the effect of secondary structure of silk particles on release behavior, 2 mg drug loaded silk particles produced at pH 7, pH 8 and pH 9 were incubated in 1.0 ml PBS at pH 7.4 for 7 days. The solvent was withdrawn daily and the particles were redispersed in fresh media. Supernatants of drawn samples were analyzed for drug content with UV-Vis-spectrometry.
Characterization
2.8.1. UV-Vis-spectrometry-Ultraviolet-visible spectrometry, using a Genesys6 (Thermo Fisher Scientific Inc., Waltham, MA, USA), was employed for determination of drug concentration in supernatants as a basis for the calculation of loading efficiency and release behavior. Calibration curves for all model drugs were obtained by using five different concentrations of all stock solutions.
Fourier transform infrared (FTIR
) spectroscopy-Washed silk particle samples were first cast on CaF 2 IR transparent discs and then placed under a IMV-4000 multi-channel FTIR microscopic spectrometer (Jasco, Japan, interfaced to a FT/IR-6200 Spectrometer), with a liquid nitrogen cooled MCT (mercury cadmium telluride) detector. Analysis was performed in transmission mode using the microscope. The position and focus of the samples were adjusted microscopically through an aperture in the IR optical system. For each measurement, 128 scans were co-added and Fourier transformed employing a Genzel-Happ apodization function to yield spectra with a nominal resolution of 4 cm −1 . The wave number ranged from 400 to 4000 cm −1 . To identify secondary structures of protein samples from the absorption spectra, the amide I region (1595~1705 cm −1 ) was investigated by Fourier self-deconvolution [46] using the Opus 5.0 software from Bruker Optics Corp. (Billerica MA), as described previously. Using a high pass filter, the broad and indistinct amide I bands (C=O stretching bonds in protein backbones) were narrowed synthetically to provide a deconvoluted spectrum with better peak resolution [46] . The deconvoluted spectra were curve-fitted by subsequent Gaussian peaks [46] . Finally, the deconvoluted amide I spectra were area-normalized, and the relative areas of the single bands were used to determine the fraction of the secondary structural elements. Absorption bands in the frequency range of 1616-1637 cm −1 and 1695-1705 cm −1 represented enriched β-sheet structure in silk II form. Absorption bands in the frequency range of 1638-1655 cm −1 were ascribed to random coil, 1656-1663 cm −1 ascribed to alphahelices and 1663-1695 cm −1 to turns [46] .
Scanning electron microscopy (SEM)
and light microscopy-Twenty microliters of the silk particle suspension in water (see above) were added directly on top of a conductive tape mounted on a SEM sample stub. The samples were dried overnight in air and then sputtered with platinum. The morphologies of silk spheres were imaged using a Zeiss Supra 55 VP SEM (Carl Zeiss SMT, Peabody, MA). For light microscopy, 20 μl silk particle suspensions on top of a glass slide were placed under an inverted light microscope (Carl Zeiss, Jena, Germany). Images were taken with the installed software.
Dynamic light scattering-DLS
experiments were performed using a Brookhaven Instrument BI200-SM goniometer (Holtsville, NY) equipped with a diode laser operated at a wavelength, λ= 532 nm. The temperature was kept at 25°C with 0.05° C accuracy with a temperature-controlled re-circulating bath. Refractive indices of 1.33 for water and 1.60 for protein were taken for computation of particle sizes. In addition, a dry specimen of each preparation was analyzed by scanning electron microscopy (SEM) to confirm spherical shape and sphere size. 2.8.5. Zeta potential analysis-Zeta potential measurements were determined using a Nanoseries Malvern Zetasizer (Malvern, Worcestershire, UK). In order to investigate the influence of particle loading, zeta potential measurements were conducted as a function of model drug content.
Confocal Microscopy-The
RhB-loaded silk particles were prepared and resuspended in purified water. A small portion of the suspension was imaged using a 63×, 1.4 N.A. water 14 immersion lens on a Leica DMIRE2 microscope (Welzlar, Germany) at an excitation wavelength of 555 nm and an emission wavelength of 580 nm. Several xy scans with an optical slice of 100 nm were stacked along the z-direction to obtain a 3-d image and visualize the crossections of silk particles and the distribution of encapsulated RhB.
Results and Discussion
Formation of silk particles
The influence of ionic strength on particle formation was studied by addition of potassium phosphate (pH 8) of different ionic strengths to an aqueous silk fibroin solution of c = 5 mg/ ml. The salting out efficiency was calculated using equation (3) . The presence of particles was examined by light microscopy. Figure 1a illustrates the salting out efficiency as a function of ionic strength. The lower threshold for particle formation was determined to be approximately 0.75 M. The influence of pH on particle formation was studied by employing 1.25 M potassium phosphate. The pH was adjusted by mixing mono-and dibasic potassium phosphate solutions (KH 2 PO 4 solution = pH 4; K 2 HPO 4 solution = pH 9), which are almost identical in their salting-out efficiency. Only PO 4 3− ions have a stronger salting-out behavior. Therefore, the influence of pH on salting-out can be monitored in the range from pH 4 to 9. Figure 1b shows the salting out efficiency as a function of pH and the micrographs taken of particles produced at pH 4, 6 and 9. Below pH 5 the particles aggregated into non-dispersible clusters due to dominating intermolecular hydrogen bonding, which correlates with the theoretical isoelectric point of silk fibroin, pI = 4.53 [47] . Figure 1c-e) shows scanning electron micrographs of the particles formed at pH 4, 5 and 6. No difference of particle morphology produced at pH > 6 was evident.
Post treatment
In order to investigate the influence of post processing treatment with alcohols or sonication on the secondary structure of silk fibroin particles, FTIR spectra were recorded. Figure 2a shows only minor changes in secondary structure upon treatments with increasing ethanol concentration. Therefore the particles can be sterilized with ethanol without affecting their secondary structure. Interestingly methanol treatments showed a similar result (Figure 2b) indicating that the silk I -conformation was stable. Sonication is often used for making particle suspensions in formulations. Since silk hydrogels with silk II conformation are formed upon sonication of a silk solution for exposure times < 30s [48] , FTIR spectra were recorded of particles after sonication at 20% maximum amplitude for increasing exposure times (5, 10, 20, 30, 40, 60 s). Figure 2c shows that only with an exposure time >40s the silk I particles undergo a change in conformation to silk II. Microscopy analysis showed that particle integrity did not change.
Size control
Salting out silk fibroin with 1.25 M potassium phosphate (pH 8) revealed larger particles with increasing protein concentration. Dynamic light scattering showed that in the concentration range between 0.25 mg/ml and 2 mg/ml particle size increased linearly from an average diameter of 486 nm to 1.2 μm with a narrow size distribution (Figure 3a,b) . From 4 mg/ml to 8 mg/ml the average size increased slightly from 1.4 to 2.0 μm with a broader size distribution (Figure 3a,b) . Above a concentration of 10 mg/l the size distribution increased, and the formation of clusters and amorphous aggregates was observed (Figure 3a,b,e) . The averages sizes were confirmed qualitatively by SEM (Figure 3c-d) .
Control of secondary structure and zeta potential
FTIR analysis of silk fibroin particles produced at different pH values showed that the secondary structure changed from a silk II-rich structure at pH 4 to a silk I-rich structure at pH 9 ( Figure 4a ). The secondary structure composition of particles produced at different pHs was determined by Fourier self deconvolution (FSD). Example FSD spectra for pH 6 and pH 8 are shown in Figure 4c , d. Table 1 provides an overview of the secondary structures for the different particles produced. Zeta potential measurements of particles produced at different pH values indicate that the zeta potential increased from −26.3 mV (pH 4) to −46.0 mV (pH 9) when measured after washing three times with ultrapure water (Figure 4b ).
Chemical Stability
The chemical stability of particles produced at pH 7, pH 8 and pH 9 was assessed by incubation of particles in urea and chaotrope salts like GdmHCl and GdmSCN at different concentrations. All particles were stable in water and dissolved in 6M GdmSCN (Table 2) . Within the studied pH range the chemical stability of the particles decreased when the particles were produced at lower pH values (with higher silk II structural content) ( Table 2 ).
Model for silk fibroin particle formation
The influence of pH on the secondary structure and zeta potential of silk particles is based on the amino acid composition of silk fibroin. Characteristics of the silk protein heavy(H) and light(L)-chain is shown in Figure 5a . The H-and L-chains are linked by a single disulfide bond at the twentieth residue from the carboxyl terminus of H-chain (Cys-c20) and Cys-172 of Lchain [49] . For determining the salting-out behavior, the protein has been (virtually) subdivided into four domains (N-Terminus, repetitive part, C-Terminus and L-chain). To compute the values of physico-chemical properties (charge, isoelectric point (pI), hydropathicity [50] and size) for each domain the ProtParam tool (ExPASy: Expert Protein Analysis System) was used [51] . The amino acid sequences for H-fibroin and L-fibroin have been employed based on the Swiss-Prot/TrEMBL accession numbers P05790 and P21828. The amino acids were classified as positively charged (R and K), negatively charged (D and E), hydrophobic (A, G, L, V, W, C, I, M, F, P), and hydrophilic (N, Q, S, T, Y, R, D, E, H, K). The N-and C-termini are hydrophilic domains with the N-terminus being negatively charged (pI = 4.6) and the Cterminus (pI = 10.5) being positively charged. The repetitive part (pI = 3.8) consists of long hydrophobic domains with short intervening hydrophilic blocks (spacers) with negative charges. The L-chain has a counterbalanced amphiphilicity and a slightly dominant average negative charge. Based on these characteristics of the domains and previously published data regarding the relationships between amino acid composition and silk protein phase separation, salting-out behavior and self-assembly [43, [52] [53] [54] [55] [56] [57] [58] [59] [60] , a model for particle formation has been developed. The theoretical pI of the domains can be used to describe the influence of pH on the charge distribution of the silk fibroin protein associated with self-assembly due to intraand intermolecular forces. At pH 9 all charged amino acid side chains except the C-terminus are negatively charged resulting in a likely rather elongated molecular conformation in solution due to repulsive charge-charge interactions along the biopolymer backbone (Figure 5b, right) . As the pH is lowered the repulsive interactions along the protein are suppressed, resulting in a less extended and more compact conformation (Figure 5b, middle) . At pH 4, electrostatic repulsion is suppressed allowing the approaching of neighboring residues and molecules and the formation of hydrophobic interactions and later hydrogen bonds between molecules [53] . The formation of particles is based on the salting-out effect of kosmotropic salts like potassium phosphate. In a first step the protein chains form micellar like structures due to the enhancement of hydrophobic interactions. Depending on the structural conformation of the silk fibroin predetermined by pH, different micellar structures with different packing densities are formed. In a second step the micelles form particulate globules by further hydrophobic interactions. The micelles formed at pH 9 reveal a less dense packing than those made at acidic pH. Therefore, tighter packing of the micelles in the particles is possible due to additional hydrophobic interactions, which might lead to the detected higher chemical stability (although the silk I structure should be thermodynamically less stable than the silk II structure the particles with high silk I content a chemically more stable than those with silk II structure).
Loading
In order to investigate the applicability of silk fibroin particles as a drug delivery systems, three positively charged low molecular model drugs (alcian blue (6 positive charges, MW=1,299 Da); rhodamine B (hybrid ion, MW=479 Da); crystal violet (1 positive charge, MW=408)) were loaded on negatively charged silk fibroin particles by charge-charge interaction. Upon incubation of particles in drug solution, drug molecules adhere to the surface followed by diffusion into the protein matrix. The loading was studied with respect to the molar ratio of the model drug (MD) to silk fibroin (SF) (Figure 6a,b) . Loading efficiencies above 95% are achieved up to 6% matrix loading (exemplarily shown for crystal violet and alcian blue). After 6% loading, the loading efficiency decreases indicating that the protein matrix is saturated. Confocal images of RhB loaded silk fibroin particles illustrate that small molecular drugs diffuse into the matrix (Figure 6d ). Zeta potential measurements of extracted particles showed that the zeta potential decreases with increasing loading and in the case of alcian blue the potential becomes positive for loadings >7% (Figure 6c ) accompanying the decreasing loading efficiency of alcian blue (Figure 6a,b) .
Release
The in vitro release behavior of the model drugs from the particles showed that positively charged molecules were released in a more prolonged or sustained fashion. The initial burst (cumulative release within the first 3 hours) was 83% for rhodamine B, 17% for crystal violet, and 3% for alcian blue (Figure 7a ). The influence of the secondary structure of the particles on their release behavior was studied with crystal violet (CV). Particles with a higher content of silk II structure showed an increased initial burst with release of 29% CV for particles produced at pH 7, 17% CV for particles produced at pH 8, and 11% CV for particles produced at pH 9 ( Figure 7b) . Particles produced at pH 7 show an increased release rate over the whole period of time compared to particles produced at pH 8 and pH 9 (Figure 7b ).
Conclusions
Silk fibroin particles of controllable sizes (500 nm -2 μm) can be obtained in an all-aqueous process by salting out with potassium phosphate (>0.75 M). Additionally the secondary structure and the zeta potential of the particles can be controlled by varying the pH. The chemical stability (Urea, GdmHCl, GdmSCN) of silk particles as well as the stability of secondary structure upon post treatments (EtOH and MeOH) indicate that the particles with silk I structure are very stable and can be sterilized without affecting their secondary structure. We propose a model to explain the observed influence of pH on secondary structure and zeta potential and conclude that larger particles produced by salting out are comprised of smaller micellar like structures. We showed the applicability of the particles for controlled release. The negative surface charge of the particles enables loading with positively charged small molecules by simple charge-charge interaction and diffusion into the particle matrix. In vitro release revealed that the release of small molecules depends on their charge as well as the silk structure. The simplicity of the all-aqueous production and loading process, as well as the tunable secondary structures suggest that these silk particles have an interesting potential as drug carriers in diverse biomedical applications. FTIR spectra of silk particles produced by salting out with potassium phosphate (1.25 M, pH 8) followed by treatment with ethanol, methanol or sonication. a) EtOH (incubated for 24h). b) MeOH (incubated for 24h). c) Sonication with 20% maximum amplitude for exposure times indicated. Release from silk fibroin particles. a) Release of rhodamine B, crystal violet and alcian blue from particles produced by salting with potassium phosphate (1.25 M, pH 8) b) Crystal violet release from particles produced at different pH values. 
